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Abstract 
Previous research studies conducted on building components containing a phase-change material (PCM) have shown 
a great potential for direct and indirect energy and cost savings in the building envelopes. In particular, PCM 
impregnated gypsum boards, one of the most popular application of PCMs in buildings, have been reported to reduce 
building cooling loads by 7−20%. However, in order to best design and optimize the PCM-enhanced building 
materials, it is critical to accurately characterize the dynamic thermal properties such as enthalpy curve, volumetric 
heat capacity, sub-cooling, hysteresis − of these PCM-enhanced components. In addition, test data on these dynamic 
characteristics is necessary for whole-building simulations, energy analysis, and energy code work. In the past, the 
only existing readily-available method of thermal evaluation of PCMs utilized the Differential Scanning Calorimeter 
(DSC) methodology. Unfortunately, this method required small and relatively uniform test specimens. This 
requirement is unrealistic in the case of many PCM-enhanced building envelope products. Small specimens are not 
representative of PCM-based blends with gypsum, concretes, fiber insulations, plastic foams etc., since these 
materials are often not homogeneous. In this paper, dynamic thermal properties such of a ½” thick PCM impregnated 
gypsum board are analyzed based on a novel dynamic experimental procedure: using the conventional HFMA. The 
gypsum board tested in this work contained 20−25% by weight of a microencapsulated PCM with latent heat of ~120 
kJ/kg. First, the theoretical details of the dynamic HFMA (DHFMA) are described. In essence, top and bottom plates 
of the HFMA are set to the same temperature and heat flow signals from the corresponding heat flux meters are 
integrated over time to compute the enthalpy changes during a temperature step change. Volumetric heat capacity 
profile is determined by taking the slope of the enthalpy curve. A negligible sub-cooling and hysteresis is observed 
for the PCM impregnated gypsum board. In addition, thermal properties such as onset of melting and solidification, 
and sensible heat of the specimen when PCM was in solid and liquid state were also determined. Dynamic properties 
such as heat capacity profiles and peaks of melting and solidification cycles, and amount of sub-cooling as measured 
by DHFMA were found to be relatively close to the DSC results on the same microencapsulated PCM. 
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1. Introduction 
Phase change material (PCM) is a substance that absorbs or releases large amounts of latent heat as it 
undergoes phase transformation. PCMs have found applications in a wide array of areas such as in 
thermal energy storage, building energy efficiency, cooling of food products, spacecraft thermal systems, 
solar power plants, microelectronics thermal protection, waste heat recovery etc. [1−6]. In buildings, PCM 
impregnated dynamic components have been demonstrated to maintain and regulate the interior 
temperature, resulting in improved energy performance of the building [7,8]. In particular, PCM 
impregnated gypsum boards, one of the most popular PCM applications, have been tested for over four 
decades [9−11]. Several experimental studies performed across several U.S. locations have shown that 
application of PCM-enhanced gypsum boards in a building envelope causes peak-hour load reduction and 
shifting of the peak-demand time, thereby achieving a cooling energy savings of 7−20% [12,13]. 
Today, a wide selection of PCMs with different dynamic thermal properties such as phase change 
temperature, latent heat, sub-cooling, and hysteresis are available for building envelope applications. In 
order to accurately predict the energy performance of a building component containing a specific PCM, it 
is critical to precisely know the dynamic thermal properties of the component [14,15]. Traditionally, 
differential scanning calorimeter (DSC) methodology has been used to evaluate the dynamic thermal 
performance of PCMs. Unfortunately, the DSC method is only suitable for small and relatively 
homogeneous specimens, and is incapable of capturing the complexities observed in large-scale building 
components such as non-uniform temperature distribution and non-homogeneity due to presence of 
additives such as fire retardants, conduction inhibitors and adhesives. In addition, to imitate the 
temperature profile experienced by the building, DSC is required to be operated at a very slow rate (about 
0.1°C/min) which is not a practical option in most cases [16,17]. Most often, DSC data is used in 
computer models to analyze PCM products, leading to significant inaccuracies in the performance 
evaluation.  
The motivation for this work is driven from the fact that presently there is a lack of reliable data on the 
dynamic thermal properties of PCM-enhanced gypsum board in literature due to unavailability of an 
accurate and capable measurement method. To address this challenge, in this paper we describe a novel 
approach utilizing a dynamic heat flow meter apparatus (DHFMA) to measure the dynamic thermal 
properties of PCM-enhanced materials. We use the DHFMA method to determine dynamic properties of a 
½” thick gypsum board that was impregnated with 20−25% by weight of a microencapsulated PCM 
having a latent heat of ~120 kJ/kg. A brief review of the previous research work on PCM-enhanced 
building components is provided in the next section, followed by theoretical details of the DHFMA. 
Finally, dynamic testing results on the PCM impregnated gypsum board specimen will be discussed and 
compared with DSC results.   
2. U.S. research studies focused on concentrated PCM applications in walls and roofs 
Gypsum boards impregnated with PCM have relatively non-uniform internal structure and are 
classified as part of concentrated PCM building technology. In the U.S., these technologies have been 
mostly implemented in wall and roof/attic applications. One of the earliest documented applications of 
concentrated PCM technology involved providing passive solar heating of a house designed by Dr Maria 
Telkes in Dover, Massachusetts [18]. The house contained drums that were located in spaces between the 
main rooms and filled with Glauber salt PCM. During winter, warm air was moved into the living space 
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using fans. According to the records from this research, the system alone was able to keep the house warm 
for approximately 11 sunless days [19]. 
In early 1990s, the Oak Ridge National Laboratory (ORNL) conducted theoretical and experimental 
studies that showed that wallboard can be successfully impregnated with PCM loading of as high as 30% 
[12, 13]. The PCM-enhanced wallboard was analyzed for passive solar applications and was found to save 
7−20% reductions in the cooling loads for southern U.S. locations with a potential payback time period of 
five years.  
In 2005, Zhang and Medina developed a thermally enhanced R-11 wall frame that utilized a macro-
encapsulated paraffinic PCM [20]. The field tests showed that peak wall heat fluxes were reduced by as 
much as 38% with the integration of PCM into the wall component. By allowing walls to face different 
directions over a period of several days, average wall heat flux reductions of approximately 9 and 15% 
were observed for PCM concentrations of 10 and 20%, respectively. At the same time, the resulting 
average space-cooling load levels were reduced by approximately 8.6 and 10.8% for PCM concentrations 
of 10 and 205, respectively.  
In 2006, Kissock and Limas investigated the application of a paraffinic PCM in walls and roofs for 
reducing the peak diurnal cooling and heating loads transmitted through the envelope [21]. The combined 
numerical and experimental study was focused at quantifying the effectiveness of the PCM in reducing 
the thermal loads through the building component, and developing a design strategy for the placement of 
PCM within the massive walls. The PCM studied was paraffin octadecane having an average melting 
temperature of 25.6°C. A finite-difference computer model was used to calculate the thermal loads 
through the PCM-enhanced wood frame wall for the climate of Dayton, OH and considering a constant 
indoor air temperature. When compared to a conventional wall, cooling load savings of approximately 
16% were obtained. The simulation results were also validated against the experimental work. 
In 2010, Murugananthama and coworkers conducted a series of field test measurements on two test 
huts located in Arizona [22]. One of the test attics utilized a conventional R-30 fiberglass insulation. The 
other one included arrays of plastic containers with a bio-based PCM installed into all the building 
envelope components. A maximum energy savings of about 30%, a maximum peak load shift of ~ 60 min, 
and a maximum cost savings of about 30% was observed for the PCM-integrated test hut. During the 
cooling season (March through October), an average energy savings of 16% was achieved for the PCM 
test hut (with 12−14% during the June−July time period and 25% during the shoulder months). 
In 2007−08, Kosny and coworkers designed, developed and field tested a prototype residential roof that 
used a cool-roof surface, natural sub-venting, and PCM heat sink [23,24]. A multilayer configuration 
consisting of PCM-enhanced polyurethane foams, PCM-impregnated fabrics, and highly reflective 
aluminum foil was developed for the study. Two different types of PCMs with melting temperatures of 
around 26 and 32°C, and loadings of about 0.08 lb ft−2 of the surface area (0.39 kg m−2) were used. The 
total heat storage capacity of the PCM heat sink was about 4.8 Btu ft−2 (54 kJ m−2) of the roof area. The 
tests showed that for the metal roof assembly using cool-roof pigments, reflective insulation, and sub-
venting air channels, the summertime peak heat flow crossing the roof deck was reduced by about 70% 
than the conventional shingle roof. Installation of the PCM heat sink generated an additional 20% 
reduction in the peak-hour heat flow, bringing the total reduction to 90%. A similar configuration of a 
roof containing metal roof panels with PV laminates and PCM heat sink was field tested during 2009−10 
[Kosny et al. 2012] in east Tennessee climatic conditions, where PCM-associated cooling energy savings 
were found to be about 25% compared to the conventional shingle roof.  
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3. DHFMA procedure 
 PCMs, used in buildings to enhance energy efficiency, control temperatures, and shift thermal loads, 
are invariably subjected to dynamic thermal excitations. Therefore, it is imperative to incorporate the 
dynamic thermal characteristics of PCM-enhanced element in the thermal design, in addition to the 
steady-state thermal properties. In this section, we describe a novel DHFMA test method that utilizes 
temperature and heat flux information from a conventional HFMA to determine the dynamic thermal 
properties of PCM-enhanced components. The conventional HFMA method is based on the specification 
described in the ASTM C518 Standard Test Method for Steady-State Thermal Transmission Properties by 
Means of the Heat Flow Meter Apparatus [25]. The DHFMA method is an upgrade to the previously 
developed rapid temperature ramp methodology based on HFMA that was developed to test PCM-
enhanced fiber insulations [26], and allowed for more accurate test data analysis. The upgrades improved 
the accuracy of the results with minimal modification to the existing equipment and requiring no costly 
hardware upgrades.  
In principle, a phase transformation event in a PCM-enhanced material system can be studied using the 
heat balance equation for the material system with the consideration of temperature-dependent specific 
heat [21, 27, 28]. The one-dimensional heat transport equation for such a case is: 
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      (1) 
where ρ and λ are the material density and thermal conductivity, respectively, T and h are temperature and 
enthalpy per unit mass, respectively.  
Considering a constant pressure during the thermal event, the effective heat capacity, ceff, is defined as 
the derivative of the enthalpy (including latent and sensible heats) with respect to the temperature:  
eff
hc
T
w w          (2) 
For most PCMs, enthalpy profile with temperature is dependent on the direction of the phase change 
process, and often times, enthalpy profile during melting is different than that during solidification. 
Therefore, it is important to consider separate temperature-dependent specific heat functions for melting 
and solidification in the thermal design of the PCM-enhanced material. Effective heat capacity for a 
material which is a blend of gypsum carrier and PCM may be expressed as: 
ܿ௘௙௙ ൌ ሺͳെ ߙሻ ௚ܿ௖௔௥௥ ൅ ߙܿ௘௙௙௉஼ெ                                    (3) 
where α denotes the percentage of PCM, cgcarr is the specific heat of the gypsum carrier without PCM and 
ceffPCM is the effective heat capacity of PCM.  
 
In the liquid state, the effective heat capacity of PCM does not show temperature dependence; it may 
be thus represented as the sum of two terms: 
    effPCM l effPCM lc T c c T c   ,     (4) 
where cl represents the temperature independent specific heat in the liquid state. 
 
As mentioned previously, a conventional heat flow meter apparatus (HFMA) is used to measure 
steady-state thermal properties following ASTM C518 standard. In general, a HFMA consists of two 
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isothermal plate assemblies with one or more heat flux transducers bonded to each plate. The plate 
temperatures are controlled using equipments such as thermoelectric elements and water chillers. In the 
DHFMA, top and bottom plates are set to the same temperature, unlike the conventional HFMA where top 
and bottom plates are set to different temperatures to impose a temperature gradient on the specimen. 
Temperature, and top and bottom plate heat flow rates, QT and QB, are recorded at time interval, τ, by 
thermocouples and heat flow transducers, respectively, for each plate. Each temperature step is allowed to 
continue until the thermal equilibrium condition is reached. Considering a constant pressure, enthalpy, H 
(in terms of heat per unit square of surface area), is determined by integrating heat flow rates over time:  
 > @> @¦  WBfinaliTfinalii SQBQBSQTQTHH )()(   (5) 
where QTfinal and QBfinal are the residual heat flow signals from the upper and lower plates, respectively, at 
equilibrium that are subtracted from the signal of interest to eliminate drift caused by small edge heat 
losses, and ST and SB are the calibration factor for top and bottom plates, respectively.  
 
Effective volumetric heat capacity of the specimen, Ceff (in terms of heat per unit volume per unit 
temperature change), is defined as derivative of the enthalpy with respect to the temperature. In other 
words, effective volumetric heat capacity of the PCM-enhanced building component can be determined by 
taking the slope of the enthalpy-temperature curve as follows:  
ܥ௘௙௙ ൌ ଵ௅
ௗு
ௗ் ൎ
ଵ
௅
ሺு೔శభିு೔ሻ
ሺ்೔శభି்೔ሻ       (6) 
where L is the thickness of the specimen. 
4. Results 
First, a small quantity of microencapsulated PCM in powder form was tested using DSC method. 
Initially, a relatively fast temperature change speed of 5°C/min was used in order to estimate temperature 
range of the phase change process. This “fast exploring” pre-test can be easily performed with a use of the 
HFMA as well.  The relationship between the measured melting and solidification temperatures for 
different DSC heating rates is well-known [29−31]. In general, it can be assumed that lower the 
heating/cooling rate during the DSC testing, the narrower the measured temperature range of the phase 
transition. It is to be noted here that since DSC was used only as a pre-testing tool, the temperature change 
rate was kept significantly faster than the natural processes taking place in most typical building envelope 
applications. Figure 1 shows heat capacity as a function of temperature during the melting and freezing 
(solidification) cycles for the microencapsulated PCM. Onset of melting and solidification occur at 19 and 
24 ºC, respectively, while peaks of melting and solidification cycles are observed at 23 and 22ºC, 
respectively, with a sub-cooling of 1ºC. Total phase change enthalpy or latent heat within temperature 
interval of 19−25ºC is determined to be 115 kJ/kg. 
Next, we used a FOX304 HFMA produced by LaserComp, Inc. to investigate the dynamic thermal 
properties of the PCM impregnated gypsum board specimen. The specimen was cut to a square size of 12” 
in dimension to be able to fit into the DHFMA (see Figure 2). The dynamic tests were conducted both in 
the melting and solidification cycles to observe the presence of sub-cooling and hysteresis effects in the 
specimen. A temperature range between approximately 6 and 32°C was considered in this study with 
temperature step size of 1.5°C. Such wide temperature range was necessary to capture the details of the 
phase transformation process in the specimen. An additional melting cycle test with non-uniform 
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temperature steps between 1 and 2.5°C was performed to study the repeatability of the DHFMA and 
examine the effect of temperature step on the results, if any.  
 
Fig. 1. Temperature-dependent heat capacity of micro-encapsulated PCM powder measured using DSC method. Melting and 
freezing cycles show sub-cooling of 1°C. 
 
(a) (b) 
Fig. 2. (a) 12”x12” square and  ½” thick PCM impregnated gypsum board, (b) LaserComp FOX304 system used to determine 
dynamic thermal properties of PCM-enhanced materials.  
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Figure 3 depicts temperature-dependent enthalpy (in J m−2) for three test runs. During melting cycles, 
the specimen releases latent heat which results in positive heat flow signals from the heat flow meters, 
while for freezing cycle, the specimen absorbs heat and therefore negative heat flow signals. Phase 
transformation process is represented by a large change in the enthalpy curve. By measuring the step 
change in the enthalpy curve, the latent heat is found to be approximately 28 kJ kg−1. Using the above 
DSC data on the latent heat of the microencapsulated PCM, we calculate that gypsum board contained 
approximately 25% by weight of the PCM.  We observe very small differences in the enthalpy charts for 
the two melting cycle tests, demonstrating good repeatability of the DHFMA method. These results 
indicate that enthalpy does not seem to be influenced by the selection of the temperature step size i.e. 
enthalpy is a state function. 
 
 
 
Fig. 3. Enthalpy (in terms of heat per unit normal area) as a function of temperature for ½” thick PCM impregnated gypsum board. 
The positive values denote that heat is released by the specimen while negative readings are indicative of heat being absorbed. 
Volumetric heat capacity is calculated by taking the slope of enthalpy curve in Figure 3 (as described 
in section 2). Figure 4 presents the volumetric heat capacity (J m−3 K−1) as a function of temperature for 
the specimen. We find that volumetric heat capacity profiles are very similar for melting and solidification 
cycles. In fact, we observe negligible sub-cooling and hysteresis for the specimen − highly desired 
features for a PCM-enhanced building component. Onset of melting and freezing were found to occur at 
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~18 and 25°C, respectively, and the phase transformation spreads over a broad temperature range of ~8°C. 
In addition, volumetric heat capacities of the gypsum board when PCM is in solid and liquid states were 
measured to be ~1.15 and 1.05 MJ m−3 K−1, respectively. It is to be noted that volumetric heat capacity 
tends to increase with temperature when PCM is in the solid phase, while heat capacity remains constant 
when PCM is in liquid phase. 
It is interesting to note that for PCM of very small sub-cooling effect, dynamic properties such as heat 
capacity profiles, peaks of melting and solidification cycles, and amount of sub-cooling as measured by 
DHFMA were found to be relatively similar to the DSC results on the same microencapsulated PCM. 
 
 
Fig. 4. Volumetric heat capacity as a function of temperature for ½” thick PCM impregnated gypsum board. This curve is obtained 
by taking slope of enthalpy curve in Figure 1. 
5. Conclusions 
Several numerical and experimental studies have shown that application of PCM-enhanced building 
component can significantly improve the energy performance of a building. However, in order to best 
optimize the building energy performance, it is critical to accurately characterize the dynamic thermal 
performance of the PCM-enhanced component. The routinely used DSC method for dynamic thermal 
property measurement of a PCM is valid only for small quantities of pure PCM and is not appropriate for 
large-scale PCM-enhanced building components where PCM-carrier blend can be non-homogenous. We 
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employed a novel method based on HFMA to measure dynamic thermal properties of a ½” thick gypsum 
board containing nominal 20−25% by weight of a microencapsulated PCM with latent heat of ~120 kJ/kg 
(based on the manufacturer specifications). We describe the theoretical details of the DHFMA. In essence, 
top and bottom plates are set to the same temperature and heat flow signals from the corresponding heat 
flux meters were integrated over time to compute the enthalpy changes during a temperature step change. 
Volumetric heat capacity profile is determined by taking the slope of the enthalpy curve. Negligible sub-
cooling and hysteresis was observed for the tested PCM impregnated gypsum board. For the PCM of very 
small sub-cooling effect, dynamic properties such as heat capacity profiles, peaks of melting and 
solidification cycles, and amount of sub-cooling as measured by DHFMA were found to be relatively 
similar to the DSC results on the same microencapsulated PCM. In addition, using the DHFMA method it 
was found that the tested gypsum board contained about 25% by weight of a microencapsulated PCM 
with total latent heat capacity of 28 kJ kg−1. 
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